The murine homeobox gene Six3 and its Drosophila homologue sine oculis both have regulatory functions in eye development. We report the isolation and characterization of two zebrafish genes, six3 and six6, that are closely related to the murine Six3 gene. Zebrafish six3 may be the structural orthologue, while the six6 gene is more similar with respect to embryonic expression. Transcripts of both zebrafish six genes are first detected in involuting axial mesendoderm and, subsequently, in the overlying anterior neural plate from which the optic vesicles and the forebrain will develop. Direct correspondence between six3/six6 expression boundaries and the optic vesicles indicate essential roles in defining the eye primordia. During later stages only the six6 gene displays similar features of expression in the eyes and rostral brain as reported previously for murine Six3.
Introduction
Early stages of eye development are intimately associated with the processes responsible for subdividing the rostral brain. This is clearly reflected in the expression patterns of several categories of developmental regulatory genes that are known to participate in neural patterning of the forebrain. Thus, many of these genes are expressed both within restricted areas of the embryonic brain and the eye primordia originating from it. However, only in a few of these cases has an involvement in the morphogenesis of both derivatives been clearly demonstrated.
Strong evidence for eye developmental control functions has been obtained for several vertebrate homologues of Drosophila loci that have mutant eye defects. Extensive analyses of the vertebrate Pax6 gene, a homologue of Drosophila eyeless (Quiring et al., 1994; Halder et al., 1995) , revealed expression in the eye primordia of several species including, mice, Xenopus, quail and zebrafish, suggesting an important role in eye development (Krauss et al., 1991; Walther and Gruss, 1991; Püschel et al., 1992; Plaza et al., 1995) . Consistent with this view, the eye deficiencies of mice carrying Small eye (Sey) mutant alleles of Pax6 are strongly reminiscent of the eyeless phenotype in Drosophila (Hill et al., 1991; Schmahl et al., 1993; Quiring et al., 1994) . Moreover, the targeted expression of either Pax6 or eyeless can induce ectopic eye structures in Drosophila, suggesting functional conservation of the two homologues as master control genes in eye morphogenesis (Halder et al., 1995) . However, Pax6 expression in the brain and the evaginating optic vesicles in vertebrates is indistinguishable. This observation is not consistent with the idea that Pax6 defines the borders of the eye primordia (Amirthalingam et al., 1995; . Therefore, additional genes are likely to contribute at the highest hierarchial level of this regulatory network. As the Pax6/eyeless genes contain both a paired box (PB) and paired-like homeobox (HB), other genes included in the same circuit would, according to the gene network concept proposed by Noll and coworkers (Frigerio et al., 1986; Noll, 1993) , be expected to contain one or both of these conserved elements. In agreement with this, mouse embryos with a targeted knockout of a gene belonging to a distinct group of paired-like homeobox genes, Rx, fail to form optic vesicles (Furukawa et al., 1997; Mathers et al., 1997) . This phenotype is even more severe than observed for Sey mutant embryos where optic vesicles with abnormal morphology are formed (Grindley et al., 1995) . Another subclass of vertebrate homeobox genes, Six, with putative eye developmental regulatory functions, has been identified by sequence homology to the sine oculis (so) locus in Drosophila that is known to be essential for proper pattern formation in the eye disk and development of other parts of the fly visual system including the optic lobes of the brain (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) . The so/Six genes share an additional conserved sequence encoding a domain of about 115 amino acids, named the Six domain, located just upstream of the HB (Oliver et al., 1995b) . Interestingly, it has been demonstrated by gel retardation experiments that this domain has specific DNA binding properties (Kawakami et al., 1996a,b) .
Four of the five murine Six genes are known to be expressed in the developing retina (Oliver et al., 1995a,b; Kawakami et al., 1996b) . In the case of murine Six3, which has been analysed most extensively with respect to embryonic expression, transcripts are first detected in the anterior neural plate area that later will give rise to the optic vesicles and several additional neural and non-neural tissues (Oliver et al., 1995b) . When this gene is ectopically expressed in fish embryos it promotes ectopic lens formation, suggesting a conserved function in metazoan eye development (Oliver et al., 1996; Oliver and Gruss, 1997) . However, it remains to elucidate the relative functional roles of the various Six genes that are known to be coexpressed in the retina during embryogenesis (Kawakami et al., 1996b) .
Homologues of the murine Six3 gene have been identified in other vertebrates such as chicken (Bovolenta et al., 1996) , Xenopus (Zuber et al., 1997) and medaka (Loosli et al., 1997) . However, for these species detailed analyses of the expression patterns have not been reported. Here we describe two zebrafish six genes that encode proteins with high sequence identity (Ͼ86%) relative to murine Six3. Transcripts of both genes are first detected in axial hypoblast near the dorsal lip shortly after initiation of gastrulation. Subsequently, the two partially overlapping expression domains comigrate with the anterior end of the axial hypoblast. These patterns probably reflect an induction by signals from the organizer and suggest early roles for six3 and six6 in anteroposterior specification. Before the tailbud stage, the two six genes also become expressed in the overlying neurectoderm including the area from which optic vesicles and other parts of the forebrain are derived. Expression of the six6 gene apparently demarcates the borders of the eye primordia during the early stages when the optic vesicles are formed.
Results

Isolation and characterization of two zebrafish six genes
Complete cDNA clones that encode the zebrafish proteins Six3 and Six6 were isolated by PCR. The six3 cDNA, which consists of 1914 base pairs (bp), encodes a protein of 294 residues from the first possible translation initiation site at nucleotide (nt) 117 (Fig. 1) . Similarly, translation from the first ATG at nt 136 in the 1722 bp six6 cDNA will yield a Fig. 1 . Sequence comparison of zebrafish homologues of murine Six3. The alignments show how the entire sequences of the two zebrafish Six proteins relate to murine Six3. Sequence identities relative to murine Six3 are indicated by hyphens and the differing amino acids are shown. The methionines representing the N-terminals of the two putative isoforms are indicated in bold. Gaps required for optimal alignments are represented by dots. The Six domain is underlined and the HD is double-underlined. The unique tetrapeptide sequences of the Six3-related proteins that are located in the Six domain (VAPG) and HD (QKTH) are shown in italics. The asterisks denote the known stop codons. The murine Six3 sequence is from Kawakami et al. (1996b). protein of 293 amino acids (Fig. 1) . The coding regions of six3 and six6 share 79% nucleotide identity, while the overall identity for the two cDNAs is 65%.
Alignments of the two putative zebrafish proteins with the deduced sequence for murine Six3 show that the translation initiation sites are identical in all three cases and the high sequence similarity indicates their use in vivo (Fig. 1) . However, the six3 and six6 cDNAs also have potential start codons at nt positions 237 and 256, respectively, and according to the alignment these coincide with a methionine residue in murine Six3, as well (Fig. 1) . Evidence that both the potential initiation sites can be used was obtained by coupled in vitro transcription and translation (not shown). The two zebrafish six cDNAs yielded double bands of the predicted sizes. In both cases the larger band was in majority (approximately 2:1 ratio), but these observations suggests that also the second initiation sites might be used in vivo. Consistent with these interpretations, the first putative start sites in six3 and six6 have the canonical Kozak consensus sequence, ccATGg, for translation initiation (Kozak, 1987) , while less conservation is found for the two others (caATGt and cgATGt).
As shown by the alignments in Fig. 1 , the murine Six3 protein, which has several distinct features relative to the other members of the Six family (Oliver et al., 1995b; Kawakami et al., 1996b) , is very similar to the deduced amino acid sequences of zebrafish Six3 and Six6. Therefore, these three proteins seem to belong to a separate group within the Six family. While the murine and zebrafish Six3 proteins have identical homeodomains (HD), Six6 has only one different amino acid residue within this domain. This sharply contrasts the 70% sequence identity shared between the HDs of murine Six3 and other members of the Six family (Oliver et al., 1995b) . One characteristic feature of the two zebrafish Six proteins and murine Six3 is the presence of the tetrapeptide QKTH in the N-terminal part of the HD. In all other known Six proteins this tetrapeptide is replaced by different sequences (Oliver et al., 1995a,b; Boucher et al., 1995 Boucher et al., , 1996 Kawakami et al., 1996b) . In addition, the members of the Six3 group have a unique tetrapeptide insertion (VAPG) in the Six domain. Notably, the Six domain itself is also much more conserved among the Six3-related proteins (Ͼ93%) than compared with other Six family members (∼70%; Oliver et al., 1995b) .
Apart from an insertion of a highly Gly-rich sequence of 42 amino acids in the N-terminal region of murine Six3, this protein is almost identical to zebrafish Six3 (94%). Hence, these two proteins may be structural orthologues since the sequence identity relative to zebrafish Six6 is significantly lower (86%). It should also be noted that the Gly-rich Nterminal insertion in murine Six3 is replaced by unrelated hexapeptides in the two zebrafish proteins. This may reflect alternative splicing, thus additional isoforms may exist for these Six3-related proteins in both zebrafish and mice.
The C-terminal domains of the two zebrafish Six proteins are more variable relative to murine Six3 (85% and 67%).
However, a high percentage of Ser-Thr-Pro (35-40%) is a common feature for the C-terminals in these three proteins, suggesting the presence of transactivating domains (Mermod et al., 1989; Ptashne, 1988; Tanaka and Herr, 1990; Chalepakis et al., 1994) . Consistent with this assumption, also the C-terminal regions of other Six proteins have high frequencies of these particular amino acids (Oliver et al., 1995a; Kawakami et al., 1996b) .
Expression during gastrulation and early neurulation
Whole-mount in situ hybridization with digoxigenin (DIG)-labelled probes was performed to investigate the embryonic expression patterns of the two zebrafish six genes (Section 4). The first differential distribution of six3 and six6 transcripts is observed at the shield stage (6 h postfertilization (hpf)) and this expression is mainly restricted to the axial hypoblast ( Fig. 2A,B ; six6 data are not shown for this stage). In both cases the dorsal expression domains are elongating along the anteroposterior axis simultaneously with the extension of the hypoblast (Figs. 2C and 3A, B) . During this process the expression domains become wider anteriorly and the transcript levels are increased. At 75% epiboly the anterior expression boundaries for six3 and six6 apparently coincide with the anterior end of the axial hypoblast (Figs. 2J and 3B). While the six6 transcripts are sharply restricted to the axial hypoblast (Fig.  3A,B ), six3 appears initially also to be expressed at a low level in epiblast cells around the circumference of the embryo ( Fig. 2A-C 
To facilitate accurate determination of the expression boundaries of the two six genes, in situ hybridization was performed with the pax [b] probe as an additional marker (Krauss et al., 1991) . At the 9-10 hpf stage, when pax [b] transcripts first become detectable in the midbrain primordium, the expression domains of both six genes are located just anterior to the transversal pax [b] stripes (Figs. 2D, E and 3C, D) . The six3 transcripts are first distributed within an almost triangular area and two straight lines representing the posterior border run in parallel to the pax[b] stripes (Fig. 2D) . Subsequently, the expression domain transiently become rhomboid-like mainly due to further bending of the boundary at the anterior midline (Fig. 2E) . Although the expression level of the entire domain is increased, the six3 transcripts remain more abundant along the midline. Moreover, the midline expression extends as a short 'tail' posteriorly to the location where the two transversal pax [b] bands are fusing (Fig. 2E) . Laterally, the posterior and anterior boundaries of the six3 and pax [b] domains, respectively, are separated by 3-4 cell diameters.
During the subsequent stages of neurulation the six3 transcript level becomes more uniform and, simultaneously, the posterior boundary is partially retracting in the medial parts (Fig. 2F ). Partly as a consequence of this retraction, a bilateral pair of stripes appear clearly along the edges of the neural plate. Anteriorly these stripes are transiently con- nected by a half circle of staining generated by a thin row of single cells expressing six3 (Fig. 2F) . It is likely that this expression pattern at the rostral end delineates the borders of the polster (Xu et al., 1994; Heisenberg and Nüsslein-Volhard, 1997) .
Compared to six3, the boundaries of the six6 expression domain are less distinct, particularly in the posterior part (Fig. 3C,D) . At 9 hpf the six6 transcripts are also distributed more clearly into three subdomains consisting of a medial region flanked by two areas of somewhat lower staining intensity (Fig. 3D) . Moreover, curvature is a characteristic feature of the six6 expression boundaries (Fig. 3D) , while the edges of the six3 domain appear as relatively straight lines (Fig. 2E,F) .
Expression in the neural keel and optic primordia
Just prior to the stage when the neural keel becomes visible in the rostral region (∼11 hpf), both six3 and six6 are expressed within well-defined areas in the prospective forebrain (Figs. 2G and 3F) . However, the double staining with pax [b] shows that the posterior border of the six3 domain is located somewhat more posteriorly than six6. Also these two domains have distinct shapes. While six3 is expressed within a triangular area (Fig. 2G) , the six6 transcripts have a somewhat V-like distribution (Fig. 3F) . For both genes, particularly six3, additional staining is visible bilaterally of the major expression domain. Analyses of later stages indicate that this tissue is mainly nonneural ectoderm (see below).
When the rostral part of the neural keel and the optic vesicles first appear (11-12 hpf), the spatial distribution of six3 and six6 transcripts is clearly different (Figs. 2H and 3G) . For six6 the expression is relatively uniform with the boundaries coinciding well with the rostral edges of the neural keel. Interestingly, the posterior border of the six6 domain apparently demarcates exactly the position where the optic primordia evaginates (Fig. 3G) . The six6 staining intensity is also somewhat lower near the midline at this border. A more differentiated staining pattern is observed for six3 where higher levels of transcripts are localized near the posterior border and in the lateral parts corresponding to the bulges of the optic vesicles (Fig. 2H) . Hence, the six3 gene seems to be considerably less active in the region including the prospective optic stalks and telencephalon. Another difference relative to six6 concerns the lateral ectodermal staining which remains significant for six3 also at this developmental stage.
Tissue sections of 12-13 hpf embryos reveal additional details of the spatial distribution of six3 and six6 transcripts relative to the optic vesicles, neural keel, prechordal mesendoderm and ectodermal tissues (Fig. 4) . Serial cross-sections show that six3 expression anteriorly, at the level of the prospective optic stalks, is mainly present in the prechordal mesendoderm and along the lateral edges of the neural keel (Fig. 4A-D) . At an AP position corresponding to the anterior part of the optic vesicles, the six3 transcripts are detected in the prechordal mesendoderm, ventral neural keel region, optic vesicles and ectoderm extending laterally from the edges of these (Fig. 4B) . Within the optic vesicles the staining appears to be strongest ventrally. The distribution pattern is similar further posteriorly, but a lower level of staining is detected in the prechordal mesendoderm (Fig.  4C) . Moreover, the expression domain extends somewhat further dorsally in the prospective diencephalon. In the lateral ectoderm, staining is visible within a region of about five cell diameters starting at the edge of the optic vesicle. Near the posterior edge of the optic vesicles the six3 domain is expanded dorsally at the neural keel midline while the transcript level in the dorsal part of the eye primordia is reduced (Fig. 4D) . In addition, the ventral neural keel and prechordal mesendoderm seem completely devoid of six3 transcripts at this AP level.
For the six6 gene the correlations between expression pattern and optic vesicles are stronger ( Fig. 4E-H) . A posterior cross-section shows relatively uniform expression throughout the vesicles while transcripts are not detected at the midline in dorsal and ventral regions of the neural keel as well as the axial mesendoderm (Fig. 4E) . Interestingly, the ectodermal cells directly overlying the dorsal surface of the stained vesicles have similar levels of six6 transcripts.
A dorsal view of the rostral region in an embryo at 12-13 hpf shows strong expression of six6 at the anterior end and in the optic vesicles, while staining is disappearing posteriorly along the midline of the neural keel (Fig. 3H) . Consistent with this, two adjacent sagittal sections from an embryo of the same developmental stage clearly show the lack of six6 transcripts both dorsally and ventrally in this posterior part of the forebrain (Fig. 4F,H) . Highest staining intensity is present at the rostral end where a sharply defined expression boundary apparently demarcates the border between the forebrain and the polster. In the ventral region immediately posterior to this border, six6 is expressed both in the prechordal mesendoderm and presumptive diencephalon.
Later in development, at about 14 hpf, the correlations between the spatial distribution of six6 transcripts and the eye primordia are quite remarkable (Fig. 4G) . In cross-sections the staining is almost exclusively restricted to domains that include the optic vesicle and adjacent cells in the lateral part of the neural keel. Hence, the medial expression borders appear to distinguish cells of the prospective diencephalon from those that become part of the eye primordia. At this stage six6 expression is also present rostrally at the ventral midline.
Spatial distribution of transcripts in the developing eye and rostral brain
While six3 transcripts disappear from the optic vesicles and neural tube at 14-15 hpf (Fig. 2I) , expression of the six6 . Some accumulation of non-specific staining is present in ventricles of the sections in (B,C,E-G,I). d, diencephalon; e, eye; h, hypothalamus; l, lens; lp, lens placode; lv, lens vesicle; nr, neural retina; on, optic nerve; op, olfactory placode; pp, posterior prechordal plate; r, retina; ro, region of optic chiasma; rp, Rathke's pouch; s, stomodeum; t, telencephalon; tc, tectum; tg, tegmentum. gene is maintained in the developing eyes and restricted areas of the forebrain and midbrain until the larval stage (Figs. 3 and 5) . Transcripts derived from six6 are quite uniformly distributed in the retina and lens primordium at 18-20 hpf (Figs. 3I and 5A ). Similar expression levels are also present along the anterior edges of the optic stalks and at the rostral end of the diencephalon (Fig. 3I-K) . At 18 hpf a thin layer of six6 expressing cells corresponding to prechordal mesendoderm extends posteriorly just beneath the hypothalamic region and a similar transcript level is present anteriorly in the diencephalon (Fig. 5B) . Weak staining is also detected in the telencephalon and individual cells within the anterior part of the tegmentum (Figs. 3I,J and 5B).
At later stages six6 eye expression becomes restricted mainly to the ventral half of the retina (Fig. 5C,D) . This is first observed at 24 hpf (Fig. 5C ) and a further restriction of the most intensively expressed retina domain has occurred by 32 hpf (Fig. 5D) . A quite prominent feature at 32 hpf is that the six6 gene is strongly expressed within a sharply defined area including the rostral end of the diencephalon and Rathke's pouch (Fig. 5D,F) . Additional staining is also present in a few small cell clusters of the telencephalon (Fig.  5G ) and larger cell groups in the anterior tegmentum (Fig.  5E ).
The six6 gene is expressed in the same areas also at 48 hpf ( Fig. 5H-L) . In the eyes, strongest staining is detected in the ventral and anterior parts, particularly near the edges of the optic fissure (Fig. 5H) . However, the highest levels of expression at 48 hpf are detected in large cell clusters within the tegmentum (Fig. 5I,L) . In the forebrain, six6 transcripts are mainly present in the region of the optic chiasma, hypothalamus and the closely associated pituitary cells originating from Rathke's pouch (Fig. 5I,J) . Several cell clusters are also stained in more dorsal parts of the forebrain (Fig. 5L) . In addition to these sites of staining in the brain, the six6 probe detects hybridization signals in a few cells located at the inner surface of the olfactory placodes (Fig.  5K,L) .
Discussion
Structural conservation and function of zebrafish Six3-like proteins
Five murine Six genes related to Drosophila sine oculis have been identified previously (see Section 1). This subclass of homeobox genes also share another conserved sequence that encodes a domain of ∼115 amino acid residues, named the Six domain (Kawakami et al., 1996b; Oliver et al., 1995b) . We have identified two zebrafish homologues of Six3 which is the most divergent member of the murine Six family. Thus additional Six3-like genes may exist in mammals.
The predicted zebrafish Six3 and Six6 proteins share several divergent features with murine Six3, such as a common tetrapeptide sequence (QKTH) in the HD N-terminal and an identical insertion (VAPG) in the Six domain. Hence, these proteins can be classified to a separate Six3-related group within the Six family.
The degree of sequence conservation between the zebrafish Six3/Six6 proteins and murine Six3 is very high (94%/ 86%), particularly for the HD (100%/98%) and the Six domain (99%/93%). For zebrafish Six3 the level of amino acid identity relative to its murine homologue is comparable to that of the most highly conserved developmental regulatory protein, Pax6 (96%; Krauss et al., 1991; Walther and Gruss, 1991; Püschel et al., 1992) . Therefore, the zebrafish six3 gene may be the structural orthologue of murine Six3. Similarly, an orthologue of the six6 gene may exist in mammals or, alternatively, it is derived from a separate duplication in fish. Further analyses of Six3-like genes are required in mammals and other vertebrates to clarify these phylogenetic relationships.
Although very little is known about the function(s) of the Six domain, gel retardation experiments have demonstrated that it has specific DNA binding properties (Kawakami et al., 1996a,b) . As murine Six3 and the two zebrafish homologues have almost identical Six domains and HDs, these proteins may recognize the same target sites. Additional similarities in the C-terminal regions with respect to putative transactivating functions (see Section 2), suggest that their biological potentials are quite conserved. Therefore, in cases such as zebrafish where two (or more) Six3-related genes have overlapping expression patterns, there is likely to be considerable redundancy (see below).
Embryonic expression of the two zebrafish six genes is initiated in the axial hypoblast adjacent to the organizer
Our analysis of zebrafish six3 and six6 shows in detail how these two genes are expressed during gastrulation and early stages of neurulation. As similar analyses have not been reported previously for any of the vertebrate Six genes, this investigation provides novel information regarding their early functional roles. Interestingly, transcripts derived from both zebrafish genes are detectable shortly after gastrulation is initiated and the expression is mainly restricted to a narrow region in the hypoblast located adjacent to the dorsal lip. Subsequently, the six3 and six6 expression domains remain colocalized with the anterior region of the axial hypoblast and undergo similar dynamic changes involving expansions laterally and dorsally into the overlying neurectoderm. Hence, at early stages of neurulation the six3 and six6 genes become partially coexpressed within an area including mainly the presumptive forebrain and the axial mesendoderm underneath it. By contrast, murine Six3 transcripts were exclusively detected in the neurectoderm of this rostral region (Oliver et al., 1995b) . This difference between the zebrafish and murine Six3 homologues is reminiscent of the discrepancies in expression that have been reported previously for Otx2 (Simeone et al., 1993; Li et al., 1994) . It should also be noted that the zebrafish six3 and otx2 genes transiently (at 8 hpf) have partially overlapping expression domains with similar triangular shapes.
The mechanisms responsible for inducing transcription in adjacent hypoblast and neurectodermal cells probably involve organizer functions. Using explant assays, it has been confirmed that the embryonic shield in the zebrafish embryo is an active organizing center, equivalent to the amphibian organizer (Sagerström et al., 1996) . Xenopus grafting experiments and analysis of the expression of several markers have provided evidence for a subdivision of the organizer into separate head, trunk and tail domains (Lemaire and Kodjabachian, 1996) . However, it has not been possible to identify separate organizer functions in the shield of zebrafish embryos and apparently this region is initially also populated by neural cells (Shih and Fraser, 1995; Sagerström et al., 1996) .
According to a multistep model proposed for induction and anteroposterior patterning of the neuroectoderm in zebrafish (Sagerström et al., 1996) , the head and trunk inducing activities are separated when the hypoblast migrates towards the animal pole. Early in this process, goosecoid (gsc) expression becomes restricted to the anterior region of the axial hypoblast, while another essential organizer gene, lim1, is also active in the trunk (Toyama et al., 1995) . Experimental evidence from both zebrafish and Xenopus indicates that gsc is essential for induction of the rostral neurectoderm (Cho et al., 1991; Stachel et al., 1993; Lemaire and Kodjabachian, 1996; Sagerström et al., 1996) . Expression of six3 and six6 is initiated about two hours after zygotic gsc transcription and during subsequent gastrulation these three genes are apparently coexpressed in some of the cells of the anterior hypoblast. Hence, gsc could be directly involved in activating transcription of six3/six6 in the anterior hypoblast, and indirectly the gsc activity in this region may induce the two six genes in the overlying epiblast.
The presence of lysine at position 50 in the HD is a common feature of the anteriorly expressed genes bicoid, orthodenticle and goosecoid. The same property is also shared by the Six3 HD and on this basis it has been proposed that the Six3 gene may be providing anterior positional information in vertebrates (Oliver et al., 1995b) . Our observations of close similarities between the early expression of zebrafish six3/six6 relative to gsc and otx2 are in complete agreement with this assumption.
Roles for six3/six6 in demarcating the eye primordia
The expression patterns of zebrafish six3 and six6 are both suggestive of essential roles for these genes during early stages of eye development. Similarly, the studies on murine Six3 revealed high levels of transcripts in the optic vesicles, but correlations between the expression boundaries and the initial borders of the optic vesicles were not demonstrated (Oliver et al., 1995b) . Moreover, Six3 transcripts were not detected in the ectodermal lens precursor cells overlying the optic vesicles. Consistent with a role in lens development, however, the murine Six3 gene becomes active in the lens at E9.0 and when microinjected in medaka it promotes ectopic lens formation (Oliver et al., 1995b (Oliver et al., , 1996 .
For the two zebrafish Six3-related genes we find spatial correlations between the expression patterns and early morphological features, indicating involvement in defining the primordia of the retina and lens. The initial eye primordium is believed to be a single morphogenetic field (Adelmann, 1930; Woo and Fraser, 1995; Heisenberg and Nüsslein-Volhard, 1997; Li et al., 1997) . In agreement with this, the zebrafish six3 gene is expressed within a coherent area in the prospective forebrain region at 9-10 hpf. However, in the case of six6, a medial and two lateral subdomains can be distinguished, possibly reflecting an early step in defining the two separate primordia of the optic vesicles. Subsequently, when the neural keel appears (10-11 hpf) the six6 domain displays bilateral features posteriorly.
During formation of the optic vesicles the six3/six6 expression patterns show direct correspondence with several morphological features. The posterior limit of the six3 domain is positioned 1-2 cell diameters from the edge of the evaginating vesicle, while the six6 expression boundary coincides directly with this morphological border. Thus, the two zebrafish six genes, and six6 in particular, are likely to play essential roles in determining the posterior border of the optic vesicles. Among other vertebrate genes presumed to be involved in eye development a similar correlation has only been reported for the zebrafish homeobox gene Zrx3 (Mathers et al., 1997) .
The six6 gene (and possibly six3) may also be of importance in defining the dorsoventral region of the neural keel from which the optic vesicles evaginate. Expression of six6 becomes progressively restricted to the cells of the eye primordia. This suggests a more general role for six6 in making these two lateral cell populations distinct from the remaining part of the neural keel. Possibly, the mechanism separating the eye precursor cells from the neural keel involves six6 induced changes in the expression of one or more cell adhesion proteins.
Results obtained from experimental manipulations and studies of several zebrafish mutants strongly indicate that the subdivision into two bilateral eye fields depends on signals emanating from both the underlying mesendoderm and the ventral midline of the central nervous system (Adelmann, 1930; Heisenberg and Nüsslein-Volhard, 1997; Li et al., 1997; . Similar to the differential regulation of zebrafish Pax [b] and Pax6 protein expression in the optic stalk region by a Hedgehog-like signal , the two six genes may respond differently to related ventral signal(s). In addition, the separation of the six6 domain observed to be progressing anteriorly from the posterior border could reflect a physical separation due to anterior migration of neural plate midline cells and/or signals emanating from this tissue (Woo and Fraser, 1995; Heisenberg and Nüsslein-Volhard, 1997 ).
The two zebrafish six genes are both expressed early in the surface ectoderm associated with the evaginating optic vesicles. Interestingly, each gene shows a direct correspondence between its domains of expression in the surface ectoderm and underlying optic vesicles. This suggests that they are indirectly involved in inducing their own expression in adjacent surface ectoderm. An additional feature is that the two six genes show specific expression in lens precursor cells at an earlier stage than observed for zebrafish pax6 (Amirthalingam et al., 1995; and murine Six3 (Oliver et al., 1995b) , which both are assumed to be essential for development of the lens (Grindley et al., 1995; Oliver et al., 1996) .
Zebrafish six6 and murine Six3 are similarly expressed in various regions of the brain and associated tissues
Following the initial generation of optic vesicles the six6 gene is expressed in a similar pattern as reported for murine Six3 (Oliver et al., 1995b) , while localized transcripts of zebrafish six3 are not detected after 15 hpf. For six6 the major sites of expression at 18 hpf include the eyes and anterior diencephalon with associated tissues of ectoderm and prechordal mesendoderm. Some staining is also detected in the telencephalon and anterior parts of the tegmentum. These sites of six6 expression are basically the same as observed for murine Six3 at equivalent stages (Oliver et al., 1995b) . However, comparisons at later developmental stages reveal several differences in the spatiotemporal expression patterns of these two genes, especially within the eyes.
The distribution of zebrafish six6 transcripts at 24 hpf is mainly restricted to the ventral half of the retina, while Six3 expression is quite uniform within the eyes of comparable mouse embryos. At later stages murine Six3 expression becomes restricted to the inner neuroblastic layer of the retina and the outer epithelial layer of the lens (Oliver et al., 1995b; Kawakami et al., 1996b) . By contrast, only dorsoventral restrictions of six6 transcripts were observed in the retina of older zebrafish embryos and larvae. These distinct features could reflect different functions of murine Six3 and zebrafish six6 in neural differentiation and dorsoventral patterning of the eye, respectively.
Notably, the expression level of six6 is particularly high in the region surrounding the optic fissure. Thus, it is possible that six6 plays a role in the formation of this fissure as has been demonstrated for murine Pax2 and its zebrafish homologue pax [b] /noi (Torres et al., 1996; . Since there apparently is no correlation between murine Six3 expression and the optic fissure (Oliver et al., 1995b) , it may also differ from six6 with respect to this putative function.
In the pituitary, olfactory placodes, midbrain tegmentum and other areas in the rostral brain, zebrafish six6 expression display close similarities relative to the results reported for the murine Six3 gene (Oliver et al., 1995b) . However, further analyses in both zebrafish and mice are required to clarify the exact spatiotemporal correspondence in these tissues.
Experimental procedures
cDNA isolation and sequencing
Zebrafish mRNAs were isolated from 6-7 hpf, 10-11 hpf, 14-16 hpf, 24-27 hpf embryos and whole fish (8 weeks) with the QuickPrep Micro mRNA Purification kit (Pharmacia). Double stranded, adaptor ligated RACE-ready cDNAs were made from the pooled 6-27 hpf mRNAs using the Marathon cDNA Amplification kit (Clonetech, USA). RACE-ready cDNAs for each of the stages were also prepared by the same method. Single-stranded cDNAs were prepared from 6-27 hpf mRNAs with the Ready-to-Go TPrimed First-Strand kit (Pharmacia).
Based on the conserved regions of the Drosophila sine oculis gene and the mouse Six genes (Six1, Six2, Six3) two degenerate primers, SX1 (GARCGSCTGGGYMGCTTC-CTSTGG) from the N-terminal part of the Six domain and SX2 (TGYCKCCGGTTCTTRAACCAGTT) from the Cterminal part of the HD, were used for PCR screening. PCR amplifications were performed with final volumes of 50 ml containing the following components: 200 mM dNTP, 2 mM MgCl 2 , 2 units Taq DNA polymerase in 1:1 mixture (v/v) of Taq-antibody (Clonetech), 2 ml Ready-to-Go ss cDNA and 1 mM of each primer. A total of 35 cycles were done using an annealing temperature of 48°C. This generated a major band of 0.5 kb that was analysed by subcloning and sequencing. A sequence encoding a HD identical to that of the murine Six3 protein was determined and named zebrafish six3.
RACE-PCR strategies were used for cloning of fulllength cDNAs. 3′RACE was performed with 1:50 diluted RACE-ready cDNAs (6-27 hpf), 0.3 mM of each adaptor primer AP1 (Clonetech) and a degenerate primer SX15 (ACMATCTGGGAYGGWGAGCAGAAGACRC) derived from the initial sequence of six3 (corresponding to nt 606-633 of the deposited sequence; see below). Similarly, a six3-derived degenerate primer, SX16 (TCKCTCCTTRAA-RCARTGYGTCTTCTG) corresponding to nt 624-648, was used for 5′RACE. In both RACE reactions the annealing temperature was 65°C and 30 cycles were performed. Two bands of 1.2 kb and 1.4 kb obtained from the 3′RACE and a 0.7 kb fragment generated by 5′RACE were analysed further by subcloning and sequencing. The 1.4 kb fragment proved to represent zebrafish six3, while the 1.2 kb fragment contained a closely related sequence that was named six6. Also the 0.7 kb product from 5′RACE contained six6 sequences. To obtain 5′ sequences for six3 a second 5′RACE was performed with the gene-specific primer SX11 (ATAGTGAGCCTCTAGCCACATCG; nt 502-521 in the deposited sequence). This yielded six3 fragments of both 500 bp and 550 bp containing different lengths of 5′ sequences. Efforts were made to isolate complete cDNAs for both six3 and six6 using gene-specific primers designed from the longest sequences available. The primers used in these PCR reactions were: SX17 (GAGATATTAT-GAGGCTGGTGTCATTAGGCG; nt 10-39 in six3), SX18 (AAGCGCTGGACTGGAAACATG; nt 1784-1804 in six3), SX21 (GTAGATATTCGCGCTCG-TGGCACTGC; nt 37-63 in six6) and SX22 (GCATAA-AAGTGACCCATAACACTGTG; nt 1643-1668 in six6). The conditions for the PCR reactions were the same as for the RACEs except that 6 ml of 1:50 diluted double stranded, non-adaptor ligated cDNAs were used. Using 25 cycles for six3 and 30 cycles for six6, fragments of the expected sizes, 1.8 kb and 1.6 kb, respectively, were obtained. The PCR products were cloned into pT7Blue(R)T (Novagen, USA) and sequenced on both strands using Sequenase Sequencing (Amersham; modified by H.C. Seo, unpublished work) or ABI PRISM Dye Terminator Cycling Sequencing (PerkinElmer).
No PCR errors were detected when sequences from subclones were compared with the directly sequenced PCR products. One amino acid polymorphism was identified for six3 at nt 867 (G/A; changing 251 Ala to Thr). In the case of six6, the sequence variations included four silent polymorphisms in the coding region and three polymorphisms in the 3′UTR: nt 327 (G/A), 336 (A/G), 540 (T/A), 804 (C/T), 1145 (T/A), 1275 (A/G) and 1515 (C/T). The nucleotide sequences were deposited into GenBank with the accession numbers AF030280 (six3) and AF030281 (six6).
Embryos and in situ hybridization
Zebrafish were maintained and bred at 28.5°C. Developmental age is given as hours after fertilization at this temperature. In situ hybridization with digoxigenin (DIG)-labelled DNA probes was performed essentially as described by Krauss et al. (1991) . However, to prevent cross-hybridization and unspecific binding, a higher temperature (50°C) was used for both hybridization and washing. Full-length cDNAs were used as probes for both six3 (nt 10-1804) and six6 (nt 37-1668). Tissue sectioning of stained embryos was performed according to Fjose et al. (1994) .
